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Abstract Type I chaperonins play an essential role in the fold-
ing of newly translated and stress-denatured proteins in eubac-
teria, mitochondria and chloroplasts. Since their discovery, the
bacterial chaperonins have provided an excellent model system
for investigating the mechanism by which chaperonins mediate
protein folding. Due to the high conservation of the primary
sequence among Type I chaperonins, it is generally accepted
that organellar chaperonins function similar to the bacterial
ones. However, recent studies indicate that the chloroplast and
mitochondrial chaperonins possess unique structural and func-
tional properties that distinguish them from their bacterial ho-
mologs. This review focuses on the unique properties of organ-
ellar chaperonins. ! 2002 Published by Elsevier Science B.V.
on behalf of the Federation of European Biochemical Societies.
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1. Introduction
Chaperonin proteins are indispensable for the proper func-
tioning of all prokaryotic and eukaryotic organisms. Their
primary role is to mediate the folding of newly translated,
imported and stress-denatured proteins [1]. Although, a num-
ber of studies have also implicated chaperonins in processes
that occur in membranes, their precise involvement is not well
understood [2,3]. The chaperonins are divided into two
groups. Type I chaperonins are present in eubacteria, mito-
chondria and chloroplasts. The protein-folding activity of
Type I chaperonins is executed by the concerted action of
two proteins, chaperonin 60 (cpn60) and chaperonin 10
(cpn10). The central cavity of the cylindrical cpn60 tetrade-
camer provides an isolated environment for protein folding,
while the co-chaperone, cpn10, binds to cpn60 and synchro-
nizes the release of the folded protein from cpn60 in an ATP-
dependent manner [4,5]. Type II chaperonins comprise only a
cpn60 member. This family is found in the eukaryotic cytosol
and in Archaebacteria.
As proposed by An¢nsen more than three decades ago, the
primary sequence contains all the information needed for a
protein to fold correctly [6]. Under the proper conditions,
most soluble proteins will fold, in vitro, spontaneously. How-
ever, in the crowded and continuously stressed cellular envi-
ronment, most proteins will not fold without the assistance of
molecular chaperones. The vital role played by chaperonins in
cellular function is demonstrated by the fact that deletion of
the mitochondrial yeast chaperonins (also called hsp60 and
hsp10) and the bacterial chaperonins (GroEL and GroES) is
lethal in both organisms [7^9]. Moreover, deletion of one of
the chloroplast cpn60 subunits is lethal at the embryonic stage
of development [10]. In humans, a recent study showed that
hereditary spastic paraplegia spg13 is associated with a muta-
tion in the gene encoding the human mitochondrial cpn60
[11].
Due to the profound stability of the bacterial chaperonin
system and the relative ease with which GroEL can be puri-
¢ed, most of our understanding of chaperonin structure and
function comes from investigations of the Escherichia coli
GroE chaperonin proteins. The mitochondrial and chloroplast
chaperonins are highly unstable proteins that dissociate to
monomers, in some instances, under conditions close to those
of the physiological environment [12,13]. Additionally, due to
their evolutionary conservation, it has been assumed that the
chloroplast and mitochondrial chaperonins function in a man-
ner similar to their bacterial homologs. Consequently, very
little has been done to study these chaperonin systems.
However, an increasing number of studies are showing that
there are variations in both the structure and function of
organellar chaperonins. Possibly, these di¡erences re£ect a
special adaptation of speci¢c homologs to their endogenous
substrates.
2. The bacterial chaperonins
The bacterial chaperonin system comprises two partner pro-
teins, GroEL and the co-chaperonin GroES, that mediate
protein folding in an ATP-dependent manner. High-resolution
structures of the individual GroE subunits, individual oligo-
mers and their mutual complexes have been determined (for
reviews, see [4,5]) [14]. X-ray studies showed that each GroEL
subunit contains three structurally distinct domains: an api-
cal, an intermediate and an equatorial domain (Fig. 1). The
apical domain contains the binding sites for both GroES and
the unfolded protein substrate. The equatorial domain con-
tains the ATP-binding site and most of the oligomeric con-
tacts. The intermediate domain links the apical and equatorial
domains and transfers allosteric information between them.
The GroEL oligomer is a tetradecamer, cylindrically shaped,
that is organized in two heptameric rings stacked back to
back. Each GroEL ring contains a central cavity, known as
the ‘An¢nsen cage’ [15], that provides an isolated environment
for protein folding. The identical 10 kDa subunits of GroES
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form a dome-like heptameric oligomer (GroES7) in solution
[16]. The binding of GroES to GroEL occurs only in the
presence of adenine nucleotides and is mediated by the ‘mo-
bile loop’ (V20 residues of the GroES structure). The latter is
an unstructured loop that becomes ordered upon formation of
the GroEL^GroES complex [17]. The symmetrical nature of
the free GroEL oligomer suggests that each ring can harbor
one binding site each for GroES and unfolded protein. In-
deed, two types of GroEL^GroES hetero-oligomers are
formed, in vitro, in the presence of nucleotides. One is an
asymmetric, bullet-shaped complex that contains one GroES
heptamer bound to the opening of the central cavity of one
GroEL ring [18]. The second is a symmetric, football-shaped
complex in which two GroES7 molecules cap the cavities of
both GroEL14 rings [19^22]. The GroEL/GroES chaperonins
provide the best example that a high-resolution structure is
essential, but not su⁄cient, to elucidate the mechanism of
protein function. A variety of biochemical and structural so-
lution methods have led to essential insights into the mecha-
nism of chaperonin function [23]. The folding reaction is ini-
tiated by the binding of an unfolded substrate to one of two
possible acceptor states: the GroEL14 oligomer or the asym-
metric complex (Fig. 2A, forms I and VII). The in vivo envi-
ronment may allow for the formation of only the asymmetric
complex as an acceptor form. However, this suggestion has
yet to be demonstrated directly [24].
The current model of chaperonin-mediated protein folding
suggests that regardless of the identity of the initial substrate
acceptor form, the CIS complex (Fig. 2A, form III), contain-
ing the unfolded substrate together with GroES bound to the
same GroEL ring, is the chaperonin intermediate that is fold-
ing-competent [25]. Following the formation of the CIS com-
plex, a sequence of steps, controlled by ATP hydrolysis, re-
sults in the formation of a new type of CIS complex. The
latter accommodates in its central cavity the refolded protein,
which is release-competent (Fig. 2A, form IV). ATP binding
to the trans ring triggers the release of the refolded protein
[26]. Thus, release of ligands from the CIS ring is controlled
by the allosteric information transferred from the trans ring
[27]. The molecular steps that occur during the release of the
refolded substrate are largely unclear. Single turnover experi-
ments have shown that the discharge of ligands from the CIS
ring is accelerated following binding of ATP and unfolded
substrate, but not GroES, to the trans ring. This suggests
that the release step proceeds directly through bullet-to-bullet
(Fig. 2A, form V to VII) and not bullet-to-football transition
(Fig. 2A, form V to VI) [26]. In contrast, other studies showed
that the e⁄ciency of protein folding is increased when the
symmetric complexes constitute the majority of GroEL/
GroES hetero-oligomers present in the refolding solution, sug-
gesting that the symmetric complexes may have a functional
role in vivo [28]. The fact that central intermediates in the
chaperonin reaction cycle may exist only transiently explains
the di⁄culty in determining the character of the obligatory
forms in the cycle. Until recently it was generally accepted
that an unfolded substrate bound to the trans ring of an
asymmetric complex will fold e⁄ciently only after adopting
the CIS orientation (Fig. 2A, the transition from form VIII to
III). However, more recently it was shown that proteins too
large to be encapsulated in the CIS cavity could also be re-
folded e⁄ciently by the bacterial chaperonins when they are
bound by the trans ring [29].
Fig. 1. Evolutionary conservation pattern in chaperonins. The evolutionary rate at each amino acid site was calculated using the maximum like-
lihood based-algorithm: Rate4Site [37]. These rates were then color-coded onto one GroES heptamer and two GroEL monomers, shown in
Van der Waals spheres mode. Bordeaux, white and turquoise correspond to slowly, medium and rapidly evolving amino acids, respectively.
The GroEL monomer in the CIS ring is viewed from the inside, while that in the trans ring is viewed from the outside. The rest of the sub-
units in the complex were presented in gray colored backbone mode. Several chains were removed for easier presentation. Insets: conservation
pattern of the ATP-binding site and the inter-ring contacts.
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3. The mitochondrial chaperonins
Mitochondrial matrix proteins can be translocated from the
cytosol only in an unfolded conformation. Therefore, in addi-
tion to protecting stress-denatured proteins, mitochondrial
chaperonins mediate the folding of newly imported matrix
proteins. Despite high sequence homology to the bacterial
chaperonins, the mammalian mitochondrial cpn60 is unique
among Type I chaperonins even when compared with its yeast
mitochondrial homolog. The ¢rst di¡erence is related to the
oligomeric state of mammalian mt-cpn60. While the bacterial,
yeast mitochondrial and chloroplast chaperonins exist and
function as tetradecamers composed of two heptameric rings,
the mammalian mitochondrial chaperonin was initially iso-
lated as a heptameric protein and was suggested to function
as such [13,30]. The latter observation is especially interesting
considering the importance of the inter-ring communication
for GroEL function. Further comprehensive analysis of the
oligomeric state of mammalian mt-cpn60 showed that it exists
in solution in a dynamic equilibrium between monomers, hep-
tamers and tetradecamers. At very low protein concentrations,
the mt-cpn60 dissociates to monomers, while in the presence
of ATP and mt-cpn10, the equilibrium is shifted toward the
formation of tetradecamers [31]. The ability of the mamma-
lian mitochondrial chaperonins to undergo concentration-de-
pendent self-assembly is not unique among the chaperonins. It
is well known that at low protein concentrations the chloro-
plast chaperonins dissociate to monomers, while at high pro-
tein concentrations they assemble into tetradecamers [32]. Ad-
ditionally, the chaperonin from Thermoanaerobacter brockii
has been isolated as a single-ring heptameric protein that as-
sembles into tetradecamers in the presence of ATP and cpn10
[33]. However, the fact that the mammalian mt-cpn60 forms
tetradecamers in vitro does not exclude the possibility that the
double-ring structure is not an obligatory intermediate in its
reaction cycle [30]. Subsequent studies showed that even
GroEL single-ring mutants could be functional in mediating
protein folding [34,35]. Thus, it is possible that each heptamer
represents an independent folding unit and that dimerization
of the rings acts to enhance chaperonin-folding activity (Fig.
2B) [24,34,35]. Support for this suggestion is obtained from
sequence alignment of a large number of chaperonins (Fig. 1).
While the ATP-binding site is almost completely conserved
among chaperonins, the inter-ring contacts are not entirely
conserved (Fig. 1) [36]. Thus, the variations in the stability
of chaperonins that are observed in vitro are not surprising.
Another property that is unique to all mitochondrial chap-
eronins is related to the interaction of mt-cpn10 with mt-
cpn60. In contrast to the bacterial and chloroplast cpn60s,
which are able to refold denatured proteins with the help of
cpn10 from any source, the mitochondrial cpn60s are able to
refold denatured proteins only with the help of mitochondrial
cpn10s [13,38]. A structural explanation for this phenomenon
was provided by elegant experiments carried out by Richard-
son and coworkers [39]. Swapping the mobile loop of GroES
with that of mt-cpn10, or substitution of three amino acids
within the GroES mobile loop, renders the bacterial co-chap-
eronin able to bind mt-cpn60. It was suggested that a higher
a⁄nity for the mobile loop of mt-cpn10 compensates for the
lower a⁄nity of mt-cpn60 for the co-chaperonins. The mod-
ulation of the mt-cpn60/mt-cpn10 interaction by nucleotides is
also di¡erent than the nucleotide dependence observed for
other chaperonins. The bacterial and chloroplast cpn60s
bind strongly to their respective co-chaperonins in the pres-
ence of ADP, while the mt-cpn60 does not bind mt-cpn10
under similar conditions [30]. In contrast to the mt-cpn10
mobile loop, the nucleotide-binding domain of mt-cpn60 is
highly identical to that of the bacterial cpn60 (Fig. 1). Thus,
structural features that dictate the unique nucleotide-binding
properties of mt-cpn60 remain to be elucidated.
4. The chloroplast chaperonins
By the time the concept of molecular chaperones had been
established in the 1980’s, the spotlight was focused on the
extremely stable GroEL chaperonin [1]. The chloroplast chap-
eronin was very unstable, and research on this protein took a
back seat (for a review, see [40]). Due to its high sequence
homology to GroEL, it was easy to assume that its structure
and function were also very similar. However, accumulating
evidence points to many signi¢cant di¡erences between the
chloroplast chaperonins and their bacterial homologs. First
of all, in contrast to the bacterial and mitochondrial chaper-
onins that are composed of 14 identical subunits, the chloro-
plast chaperonins are composed of two distinct subunit types,
K and L. The primary sequences of K and L subunits are only
V50% identical, similar to their respective homologies to
GroEL. Additionally, K and L subunits were shown to be
present in roughly equal amounts in chaperonin oligomers
puri¢ed from chloroplast [40]. Two types of oligomers were
obtained when the chloroplast chaperonins were reconsti-
tuted, from puri¢ed monomers, in vitro [32]. One is composed
of 14 identical L monomers (L14) and the other composed of
seven K and seven L subunits (K7L7). Attempts to reconstitute
oligomers from puri¢ed K monomers alone were unsuccessful.
Interestingly, the L14 oligomers promote the folding of dena-
tured proteins with the help of the mitochondrial cpn10, but
not with the help of any authentic chloroplast co-chaperonins.
Thus we conclude that the chloroplasts contain only K7L7
oligomers and that the L14 oligomers are formed only in vitro
[41]. The observation that the K and L subunits form mixed
Fig. 2. Models for chaperonin-mediated protein folding. A: A
scheme for the reaction cycle of bacterial chaperonins. B: A scheme
for the reaction cycle of mitochondrial chaperonins. The model de-
picted in the scheme suggests that mt-cpn60 can function as a single
ring (cycle I). However, at high protein concentration mt-cpn60 can
also function as a tetradecamer (cycle II).
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oligomers raises the question: how are these subunits orga-
nized within the tetradecamer? The fact that the oligomers
exhibit sevenfold symmetry, and that K subunits do not
form oligomers on their own, suggests that perhaps heptamers
of K are formed on templates of L7, forming a tetradecamer
composed of two homogeneous rings [32]. To add to the com-
plexity of the ch-cpn60 system, a recent examination of the
complete sequences of Arabidopsis thaliana showed that the
genome of this plant encodes four isoforms of L and two of
K subunits [42].
Another di¡erence that characterizes the chloroplast chap-
eronins concerns the structure of their co-chaperonin. The
latter was ¢rst puri¢ed from crude pea extract by taking ad-
vantage of its ability to form a complex with GroEL [43]. The
puri¢ed co-chaperonin was able to assist both GroEL and ch-
cpn60 in the refolding of denatured proteins. However, com-
plete sequencing of its gene led to a surprising ¢nding. The
chloroplast co-chaperonin polypeptide chain is composed of
two GroES-like domains that are held together by a short
linker [43]. Thus the molecular mass of the chloroplast co-
chaperonin monomer is approximately double the size (20
kDa) of the bacterial and chloroplast cpn10s. The oligomeric
structure of the ch-cpn20 is still a mystery. When examined by
electron microscopy, ch-cpn20 forms ring structures that are
similar to GroES oligomers [43,44]. Other studies have re-
ported that the Arabidopsis thaliana ch-cpn20 forms tetramers,
in vitro, that interact with GroEL as such [45]. Although little
is known about the structure of the ch-cpn20^ch-cpn60 het-
ero-oligomers, it is possible that each domain of the co-chap-
eronins has adapted to interact with a di¡erent subunit of ch-
cpn60.
Until recently, it has been thought that chloroplasts contain
only the double domain co-chaperonins. However, two inde-
pendent works have provided evidence that Arabidopsis thali-
ana chloroplasts may contain at least one normal size cpn10
in addition to the ch-cpn20 [42,46]. The in vivo roles of each
of the chloroplast co-chaperonins are not yet known.
5. Concluding remarks
Since their discovery, chaperonins have been studied exten-
sively in order to understand the mechanism by which they
function. In the case of the bacterial chaperonins, comprehen-
sive research over the past two decades has unraveled essential
steps in the reaction cycle at the molecular level. While it has
been generally assumed that the mechanism used by the bac-
terial chaperonins is also utilized by the eukaryotic chapero-
nins, in this review we have cited several lines of evidence
demonstrating that this is not the case. The great complexity
of the eukaryotic chaperonins can best be seen in the genome
of Arabidopsis thaliana which contains nine cpn60 genes: two
types of K, four of L and three in the mitochondria [42].
Additionally, it contains one ch-cpn20 and four cpn10’s, the
latter of which are divided equally between mitochondria and
chloroplasts [42]. What is the functional signi¢cance of the
greater complexity of the eukaryotic chaperonins? The answer
to this question will be the subject of future extensive re-
search.
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